A large capacity calorimeter was designed and constructed in order to determine the enthalpies of combustion of kilogram-size samples of municipal solid waste (MSW) in flowing oxygen near atmospheric pressure. The combustion of the organic fraction of the samples was complete to greater than 99.9+%. The percent coefficient of variation (100 X standard deviation/average), % ev.
Introduction
Proof that small test samples are representative of a large parent material is essential to the credibilitity of test methods used to characterize the material. The importance and cost of this proof increases as the heterogeneity of the parent material becomes greater. The calorimeter described in this paper was built to determine if the calorific values of kilogram-size parent and gram-size test samples are the same within I % for an extremely heterogeneous material-municipal solid waste (MSW).
A description of the industrial problem concerning the calorific value of MSW and the response to solve this problem by the National Bureau of Standards (NBS), U.S. Department of Energy (DoE), and the U.S. Environmental Protection Agency (EPA) are summarized in section 2. The calorimeter and its auxiliary measurement systems for determining the calorific value of MSW are described in section 3. The main features of a typical experiment, the methods of data reduction, and typical results are given in section 4. With this background, the design basis and the performance characteristics of the calorimeter are discussed in section 5.
The combustion flow calorimeter designed for the measurements is novel in three respects: I) It can accommodate a large solid sample. Thus, it provides a unique capability to determine the enthalpy of combustion of heterogeneous solid materials for which further sampling and processing to obtain representative gram-size test samples may be costly or difficult.
2) The combustion of the solid sample is carried out in flowing oxygen near atmospheric pressure. Thus, the successful operation of this calorimeter revives a calorimetric technique for the combustion of solids that was discarded before 1900. The technique can now be applied to other problems which require a completeness of combustion up to 99.9%.
3) The design and operation depart from certain standard design criteria and conventional operating procedures employed in smaller, more accurate, stirred-water calorimeters.
The Industrial Problem and the NBS-DoE Response
Incinerator-boiler systems used to dispose of MSW are bought and sold on the basis of thermal specifications. To determine whether a system meets its thermal specifications, the calorific value of the input waste stream must be known.
At present, as well as in the past, the calorific value of MSW is determined at commercial test laboratories by bomb calorimetry using gram-size test samples. The gram-size test samples are usually prepared from kilogram-size increments. The increments are dried, sorted to remove nonmillable components (i.e., metals), and milled to 2 mm particle size (Le., 95 mass percent passes through a 2 mm square mesh screen). In this work, the milled material is called processed MSW. The processed MSW is then subdivided, usually by coning and quartering, to obtain gram-size test samples.
For many years, combustion engineers felt that one could not sample a multi-ton quantity of MSW and extract representative gram-size test samples for bomb calorimetric measurements. The method of preparation of test samples was also in dispute because many combustion engineers believed that the composition of the test samples differed from that of the original increments. This might occur because of changes caused by excessive localized heating during milling or by nonrepresentative subdivision of processed MSW, which segregates easily. Segregation occurs because processed MSW consists of a low density component, which resembles chopped up cotton fibers, and a high density component which resembles sand. Part of the high density material is entrained in the low density material and this entrainment is nonuniform.
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To address this dispute, NBS initiated a research program in collaboration with DoE and EPA to develop test procedures for accurately determining the calorific values of MSW and fuels derived from MSW. This research was also part of the NBS response to the Resource Conservation and Recovery Act of 1976. Subtitle E of this legislation mandated NBS to provide guidelines for the development of specifications for classification of materials destined for disposal.
To resolve the dispute, two questions were addressed. The first was the sampling question: How does one obtain a representative gram-size sample from a kilogram-size quantity of processed MSW? The second was the processing question: Does milling MSW down to 2 mm particle size alter its calorific value significantly? The remaining problem of extraction of kilogram-size increments in sufficient number and in such a manner as to characterize a multi-ton pile of MSW was considered beyond the scope of this study. However, in order to address the two questions, increments were extracted from a multi-ton stream of MSW using a selected sampling method.
An initial study of the day-to-day variability of the calorific value of MSW was carried out at NBS in 1980 [1]' using the selected sampling method. We concluded from the results of that work that the sampling and processing questions could be answered with a calorimeter in which we could burn a kilogram-size sample with a total uncertainty of less than I % in the enthalpy of combustion.
We chose to build a calorimeter for the combustion of kilogram-size samples in flowing oxygen near atmospheric pressure rather than scale-up the conventional oxygen combustion bomb for reasons of safety. Instrumentation of a small commercial incinerator was rejected because it was felt the time required to modify such a unit and validate the calorimetry would be longer than that needed to build a new calorimeter. A small combustion calorimeter [2, 3] was built to demonstrate that the oxygen flow technique could be used to obtain complete combustion of pellets of MSW. The pellet mass used in the calorimeter was 25 g. Combustion of MSW which has been compressed into a pellet rather than left in loose form was adopted because this configuration reduces the dispersion of the sample and, thus, simplifies the collection of ash. To reduce the ambiguity in the scale-up of the 25 g capacity flow calorimeter, the burning characteristics of kilogram-size pellets of unprocessed MSW were studied in a prototype combustor [4] .
I Numbers in brackets indicate literature references.
Unprocessed MSW in that work, and also in the present study, was prepared by withdrawing increments from the output of the primary shredder of the Baltimore County Resource Recovery Facility at Cockeysville, MD. The increments were dried at 105 °C for 12 hours and then sorted to remove metals. The particle size was IS cm.
After designing, fabricating, and assembling the multi-kilogram flow calorimeter, a study consisting of 25 experiments was carried out to answer the processing and sampling questions. After drying the increments of unprocessed MSW, we attempted to prepare identical increments by hand sorting groups of four or more increments of MSW into categories (i.e., paper, metals, wood, vegetable matter, etc.) and reconstituting the categories (except for metals) into 2.5 kg samples having the same mass composition as the whole. Two of the 2.5 kg samples from each group were milled to 2 mm particle size and then, to obtain gram-size test samples, each of these parent samples was subdivided using a rotary riffler rather than the usual method of coning and quartering. The results, which we believe resolve the processing and sampling questions, are discussed in detail elsewhere [5] . In brief, the results are as follows:
I) The average difference of the calorific values of gram-size test samples of dry, processed MSW minus that of their kilogram-size parent of dry, processed MSW is -0.1 % of the mean calorific value of the parent sample. The imprecision' of the average difference is 1.1 % of the average calorific value and can be accounted for by the percent coefficient of variation,' % CV, of the bomb calorimetry measurements, 0.5%, and the flow calorimetry measurements, 0.4%, on these MSW samples. The subdivision process using the rotary riffler is less sensitive to the effects of segregation than the subdivision process carried out by the usual method of coning and quartering.
2) The average difference in the calorific values of MSW of kilogram-size samples of dry, unprocessed MSW minus that of dry, processed MSW is -0.5% of the average calorific value of the processed MSW. The imprecision of the difference is 2.9% of the average calorific value. We avoided excessive localized heating during milling by adding powdered dry ice to the sample as it was 2 For this and all other statements labeled "imprecision," we use the product of the standard deviation of the mean and the appropriate Student t factor at the 95% confidence level.
.1 For this and all other statements labeled % CV, we use lOOxs average where s is the standard deviation of a single experiment.
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fed to a Wiley' mill in the final step of size reduction. The larger imprecision of this second result, 2.9%, as compared to the first, 1.1 %, is largely due to the fact that identical kilogram-size samples of unprocessed MSW (one of which is then milled) could not be prepared by the procedure we used.
3) We concluded that the calorific values of the gram-size test samples of processed MSW are the same as the calorific values of their kilogram-size parents of unprocessed MSW within I %. Thus, it is not necessary to combust the entire kilogram-size increment. However, the gram-size test samples must be prepared properly. In particular, the particle size of each increment should be reduced in such a way as to avoid localized heating and the resulting processed MSW should be sampled to obtain gram-size test samples in such a way as to avoid the effects of segregation. Such effects had been observed when coning and quartering were used to obtain gram-size test samples (see reference [I J).
Experimental Apparatus
The flow calorimeter consists of two basic parts: a constant temperature jacket and the calorimeter proper. The latter contains the sample combustor. Heat liberated in the combustion reaction is transferred to the stirred water in the calorimeter vessel, the outermost container of the calorimeter proper. The rise in temperature of the calorimeter water, after correction for heat exchange with the jacket, is proportional to the enthalpy of combustion of the sample. The calorimeter is calibrated by determining the temperature rise produced by combustion of a known mass of homogeneous, microcrystalline cellulose whose enthalpy of combustion has been measured by bomb calorimetry. (See reference [5] , pp. 22-26.)
The main features of the flow calorimeter are described in section 3.1. The analysis system used to determine the completeness of combustion (Le., the CO concentration in the product gas) and the amount of water vaporized from the calorimeter is described in section 3.2. The data acquisition system used with the calorimeter is described in section 3.3.
~ Certain facilities, commercial equipment, instruments, or materials are identified in this paper in order to adequately specify the experimental procedure. Such identification does not imply recommendation or endorsement by the National Bureau of Standards, nor does it imply that the materials or equipment are necessarily the best available for the purpose.
Description of the Multi-kilogram Capacity Flow Calorimeter
A cross-section of the entire flow calorimeter is shown in figure I . The important dimensions and calorimeter properties are listed in 
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The cylindrical compressed sample pellet (nominally 23 cm diameter and 15 cm high), A, is located inside and near the bottom of the combustor, B. A detailed cross-section of the sample and neighboring parts of the combustor is given in figure 2 . Referring to that figure, the pellet, A, is supported on a parallel array of nine horizontal, alumina rods, r, (6 mm diameter) resting in notches cut in the top edge of a cup-shaped ash pan, p. The ash pan, which retains the residual ash from the burned MSW, sits on the base plate, b, that forms the bottom of the combustor. An iron fuse wire, f, having a four turn coil touching the top of the sample at the center, is stretched horizontally between two vertical electrodes of which one, e, is shown. The electrodes pass through open-ended tubes of which one, t, is shown. The tubes are welded into the bottom of the ash pan. The sample is ignited by passage of electrical current through the fuse wire.
Flowing oxygen is supplied to the sample by an array of nozzles arranged in five horizontal tiers, 01 through 0, (0, is not shown in fig. 2 ). Each tier contains six symmetrically spaced nozzles located in the combustor wall. The bottom tier, 0" supplies fig. 2 ) which supplies the oxygen to the nozzles of that tier. The oxygen entering the distribution rings of the top four tiers is first preheated by passing it through separate sets of three coils, Cl through cs, (cs is not shown in fig. 2 ) wound around and welded to the outside of the combustor wall, w. Referring back to figure 1, the combustor, B, is surrounded by a concentric cylindrical vessel, the combustor enclosure, C. The space between the 281 A p b combustor and the combustor enclosure contains the tubes that supply oxygen to the combustor, leads for the thermocouples to monitor the temperature of the oxygen as it enters each distribution ring and the temperature at various locations on the combustor wall, and the fuse ignition leads. The space also contains the helical tube, M, of the quick-cool heat-exchange system (the tube is welded to the outside of the combustor with a pitch as shown in fig. 2 ), and argon gas to reduce oxidation of these components.
A submersible pump circulates the calorimeter water through the quick-cool tube, M, before and after the combustion reaction to ensure that the combustor wall and calorimeter water are at the same temperature during drift periods. Prior to ig-nition, the quick-cool tube is purged of water. The relatively poor heat transfer between the combustor enclosure and the combustor allows the temperature of the walls of the combustor to rise during the combustion and, thus, promotes the combustion of any soot deposited on the cold combustor walls during the initial stage of the sample combustion.
The prod uct gas leaves the top of the combustor and then passes downward through a heat-exchange coil, D, having 10 turns. The product gas then passes through the collector, E, through the exit tube, and, finally, out of the calorimeter. The heat exchange coil transfers heat from the product gas to the calorimeter water contained in the space bounded by C and G. Most of the water formed in the combustion reaction condenses and is trapped in the collector, E. An enlarged cross-section of the collector, E, is shown in figure 3 . Referring to that figure, the product gas enters the larger, upper, toroidal tube, Vh from the 10-turn heat-exchange coil. Condensate drains from VI into a second, smaller, lower, toroidal tube, V2' The product gas then leaves the collector and passes through glass wool backed by a screen, s, in the cylindrical stuffing box, w. The wool reduces the entrainment of condensate droplets in the product gas. Auxiliary dry dilution oxygen is added through a port, i, in the stuffing box to reduce the partial pressure of water vapor in the product gas so that it will not condense after the product gas is cooled to room temperature.
Referring back to figure I, the calorimeter water is directed past the heat exchange coil by means of the flow shield, F. Water is drawn through the bottom port (20 cm diameter) in the flow shield, past the heat exchange coil, D, and is mixed by blades of the stirrer, H, mounted in the top port of the The calorimeter vessel is surrounded by the concentric cylindrical submarine vessel, I, which constitutes the innermost portion (i.e., surface) of the constant temperature jacket. The "interspace" between the vessels, which is 2.5 cm wide, is filled with air which serves to reduce the rate of heat exchange between the jacket and the calorimeter proper. (The top interspace which is between the lids of the calorimeter and the submarine is 5 cm.) The submarine vessel is submerged in the stirred water of the jacket, J. The jacket is a fiberglass covered container whose walls consist of a steel framework covered by polyurethane foam.
The calorimeter water temperature is monitored by the inner quartz oscillator thermometer, K,.
The outer quartz oscillator thermometer, K j • monitors the temperature of the jacket water. Temperatures of the inlet oxygen supply and the product gas are monitored with thermocouple probes whose junctions are located in the gas tubes at the level of the calorimeter vessel lid. The temperatures of the calorimeter water at the top and bottom of the flow shield are monitored to measure the non uniformity in the calorimeter water temperature. The measurement junctions of the two separate thermocouples are placed between the calorimeter vessel and the top and bottom edges, respectively, of the flow shield.
The combustion reaction is monitored visually through the window, L, sealed to the inline port of a tee in the product gas line at the top of the com· a bustor and through the adjacent second window sealed to the end of the hollow stirrer shaft in the water. The boroscope, N, which extends downward through the hollow stirrer shaft, is used to view the combustion. The boroscope is attached to a TV camera, 0, which is connected to a video monitor-recording system. Oxygen is supplied to the underside of the viewing window to prevent condensation of water on the window during the combustion.
Oxygen is supplied to the calorimeter from six independent sources, each consisting of one or more standard 6200 liter (STP) oxygen tanks that is equipped with reducing and shut-off valves. The oxygen flow from each source is monitored with a mass flow controller. Flowmeters are intercompared by connecting them in parallel and series in appropriate combinations. Two of the meters were calibrated at NBS with an uncertainty of 0.5%.
To simplify the assembly and disassembly of the calorimeter, all the components inside the calorimeter vessel were designed to be suspended from the calorimeter vessel lid and this lid was, in turn, suspended from (beneath) the submarine lid. Motors for the calorimeter stirrer and quick-cool water pump, the boroscope, and the TV camera are mounted in a lifting frame attached to the top of the submarine vessel. The calorimeter plus the submarine vessel at various stages of assembly are raised and lowered with a gantry crane whose hoist chain is connected to the top of the lifting frame. The empty submarine vessel is restrained against the buoyant force of the jacket water by three chains connected between the vessel and eyebolts anchored to the bottom of the jacket. When the calorimeter vessel is unbolted from its lid and the internal calorimeter components are withdrawn, the calorimeter vessel is nested inside the submarine vessel on a removable, concentric collar placed between the top flange of the calorimeter vessel and the top flange of the submarine vessel.
Three features of the calorimeter hardware are significant. First, holes where tubes (containing thermocouple leads, electrical leads, supply oxygen, or product gas) pass through the various lids Second, to reduce leakage of gas between the inside of the combustor and the gas space between the combustor and the combustor enclosure, the combustor base plate is sealed to the rest of the combustor by a gasket that is a composite of graphite and 316 stainless steel. The combustor enclosure itself is made gas-tight by use of Viton 0-ring seals. Electrical leads to the inside of the combustor enclosure are hermetically sealed with epoxy cement in their feed-through tubes.
Third, the reference junctions of all thermocouples on the combustor, in the calorimeter water, and in the flow lines (exclusive of those in the product gas analysis train) are mounted on an aluminum reference block which is inside a hermetic chamber that connects by tubes to the combustor enclosure. These tubes feed the thermocouple leads from the combustor through the various lids and support the block and chamber above the level of the jacket water. The hermetic seal in the chamber completes the gas-tight seal of the combustor enclosure. The temperature of the block is allowed to float (i.e., it is not controlled) but its temperature is monitored by the calorimeter water thermocouple whose junction is located at the top edge of the flow shield and is close to the inner quartz oscillator thermometer, Kc. During an experiment, the block temperature changes by less than 0.1 'C.
Analysis Systems
After leaving the submarine vessel, the product gas passes through a mixing chamber. Just beyond the chamber, a portion of the gas is continuously withdrawn for analysis; the product gas at this point is at or near room temperature. A block dia~ gram of the analysis system is shown in figure 4 . Part of the gas withdrawn for analysis is dried and passed at a flow rate of about 2 L/min through dedicated infrared detectors for CO and CO,. A second part of the gas is passed at a flow rate of about 2 L/min through a cooled-mirror type of automatic dew point detector to monitor water va~ por. The remaining part of the analysis gas is passed at a flow rate of about 5 L/min through a scanning infrared detector used to monitor various trace components (such as hydrocarbons, SO" HCl, etc.). These detectors in combination with three manometers and four thermocouples (to monitor gas temperatures) are used to determine the composition of the product gas.
Data Aquisition Equipment
The enormous amount of data generated during each experiment was monitored and recorded us~ ing the system shown schematically in figure 5 . Because of the delays associated with displaying and 
CONCENTRATION
( JNFRftREOJ e found it practical printing the data in real time, w to couple two minicomputers to gether in a master / slave configuration via a RS-232 commUlllcatlon link. All the software for both computers was written in BASIC programming language.
The low-level signals generated by the 27 thermocouples of the calorimeter were sequentially sensed with a digital voltmeter via a scanner. The frequency of each quartz oscillator thermometer was monitored with a counter using the NBS 100 kHz Standard Frequency as the time base. These instruments were connected via an IEEE-488 data bus to the master minicomputer which controlled the acquisition and logging of all the data. Each of the above signals was measured at least once every minute throughout the entire duration of the experiment.
The signals generated by the meters monitoring the inlet oxygen flow rates plus the various detectors in the analysis system were sequentially sensed with a second digital voltmeter connected to the second minicomputer operated in a slave mode. The one scanner controlled the input to both voltmeters. These signals were recorded at least once every minute during the time interval for which they were significant. Because of the more rapid variation of the concentrations of CO, CO" and water vapor in the product gas and the need to accurately correct for the enthalpy of vaporization of water lost from the calorimeter, the signal from each of these detectors was recorded at least three times every minute.
For the experiments described in this paper, it was convenient to record the ouput signal of the scanning infrared detector on a strip chart. No significant energy loss was associated with very small concentrations of the trace components in the prod uct gas.
Description of an Experiment and Typical Results
The time frame, operating parameters, and sig~ nificant outputs of a typical experiment are described in section 4.1. An idea of the time frame of preparation for an experiment and some of the details of the assembly of the calorimeter are given as the large size of the calorimeter magnifies time and manpower needs and produces problems in otherwise trivial operations. A summary of data reduction procedures is given in section 4.2. Typical calculated results for calibration and "unknown" experiments are given in section 4.3. 
Experimental Procedure
On the day prior to the experiment. the sample pellet is prepared and the components inside of the calorimeter vessel are assembled.
On the day of the experiment. the calorimeter water is heated (or cooled) in a separate holding tank to a temperature within ±0.3 °C of that of the jacket water which is within ± I °C of room temperature (22 °C). A fixed volume of water from the holding tank is added to partially fill the empty calorimeter vessel; the volume is the maximum amount that experience shows will not splash or overflow as the internal components of the calorimeter are lowered into the calorimeter vessel. The volume is determined with a jig. shown in figure 6 . which has a filling cuP. fc. having a conical bottom and an overflow hole. oh, located in its side. The upper supports, sp, are bolted to the top surface of the calorimeter vessel. G, so that the cup . water is added until it just overflows into the inside of the filling cup. After the jig is removed. the internal components of the calorimeter are gently lowered into the vessel. The calorimeter vessel and submarine vessel are bolted to their respective lids. After lowering the entire assembly into the jacket water, the final 20 liters (fixed for all runs) of water needed to fill the calorimeter vessel to within 0.3 cm of its lid are added.
The stirrers for the calorimeter and jacket water are turned on, and the calorimeter water temperature is monitored for one hour after the drift rate becomes constant. During this time interval, the calorimeter water is pumped through the quickcool heat exchange tube on the combustor wall. 
286
The last 30 minutes of the time interval is the initial drift period. 5 Twelve and one-half minutes prior to ignition, the flow of water to the quick-cool heat exchange tube is diverted to the calorimeter vessel and the water remaining in the quick-cool tube is flushed out with compressed air. The combustor is then flushed with oxygen for 10 minutes at a flow rate of 30 L/min. (Flow volumes are expressed in liters at DoC and 101.325 kPa.) Two and one half minutes prior to ignition, the flow rates are increased to the levels used during combustion when oxygen is supplied at constant rates of ISO Llmin to the combustor, 10 L/min to the viewing window, and 11 0 Llmin to the dilution port at the collector exit for a total flow of 270 L/min.
Sample burning times were approximately 32 minutes for pellets of unprocessed MSW or microcrystalline cellulose, and about 42 minutes for processed MSW. The CO" H 2 0, and CO concentrations in the product gas during the combustion of a processed MSW pellet are shown in figure 7 . The peak and average CO 2 concentrations over the first 10 minutes of the combustion are 52 and 38 mole percent, respectively. The latter concentration corresponds to an inlet oxygen flow rate of about 2.5 times stoichiometry.
The H 2 0 concentration reaches a maximum of 2.4 mole percent (i.e., dew point of 16°C) at 30 minutes; the abrupt fall in concentration at 42 minutes indicates that the combustor has been completely flushed of product gas. The inlet oxygen flow rate is maintained at the same level as during the combustion reaction for another 10 minutes to assist in the "cool off' of the combustor. The total inlet oxygen flow rate is then reduced to about 20 L/min to prevent excessive evaporation of water from the collector. This flow, which is supplied only to the combustor, maintains a positive pressure in the combustor with respect to the collector and thus prevents backflow of condensate into the combustor. The inlet oxygen flow is stopped prior to the beginning of the final drift period.
The occurrence of two peaks in the CO concentration versus time is typical of all the MSW samples. In figure 7 , the initial and final maximum CO concentrations are 0.016 and 0.027 mole percent, respectively. The initial peak always occurs near the time of the maximum rate of production of CO,; the final peak occurs near the end of the vi-S Strictly, the initial drift period ends 12,5 minutes prior to ignition when the oxygen supply used to flush out the calorimeter is turned on. In practice, the error incurred in I:l.T, of eq (3) and I:l.H~ of eq (1) by assuming that the initial drift period ends at the time of ignition has a negligible effect on our results. 
ELAPSED TIME FROM IGNITION / MIN
sual burning when the ash tends to inhibit the combustion. The average CO concentration in a cellulose combustion is about a factor of 50 smaller than that shown in figure 7 .
The temperature of the product gas as it leaves the top of the combustor rises to about 400°C within the first minute of the combustion, gradually increases to a maximum of about 450 °C between 12 and 15 minutes after ignition, and then decays exponentially thereafter. The temperatures of the combustor wall and of the oxygen gas as it leaves the preheat coils increase more gradually to their peak values at about the same time and decay 29 27 ELAPSED TIME FROM IGNITION / MIN the calorimeter water has increased 8 0c. During the next 10 minutes, when most of the excess heat was removed, the temperature of the calorimeter water increased by another 1.2°C. The latter increase indicated that 13% of the total heat liberated by the combustion reaction was stored in the walls and base plate of the combustor.
After the drift rate of the calorimeter water attains a steady value (which occurs about three hours after ignition) the inlet oxygen flow is stopped and temperature readings are made for an additional hour. At this point, the combustor and calorimeter water are at the same temperature to within 0.1 0c. The last 30 minutes of this time interval corresponds to the final drift period.
Before assembly and after disassembly of the calorimeter, the ash pan with its contents was weighed to determine the mass of ash formed in the combustion experiment. Similarly, the collector was weighed to determine the mass of water which was formed in the combustion reaction and remained in the calorimeter. The ash was milled, homogenized, and a sample was analyzed for moisture, carbon, and hydrogen content. The coodensate in the collector was analyzed for total H+, Cl-, SO, ~, and NO, -contents.
Data Reduction
Results are calculated using a format adopted from the work of Prosen et a!. [6] . The basic measurement equation is:
In eq (I), E is the energy equivalent of the calorimeter. The parameter tl T, is the corrected temperature rise of the calorimeter. The parameter M is the mass of the sample. The parameter !li!" is the enthalpy change per unit mass of sample for an assumed standard reaction in which all reactants and products are at some selected isothermal process temperature, T h , and pressure of 101.325 MPa (I atm). The remaining five terms on the right of eq (I) account for the conditions of a particular experiment. They are as follows: lVi, is the correction for the vaporization of water formed in the combustor that is lost from the calorimeter (i.e., in product gases). The parameter lVi, is the correction for the net heat transport of gas entering and leaving the calorimeter at some temperature other than T h • The parameter 1Vi" is the correction for incomplete combustion of the combustible fraction of the sample to the assumed products of the stan-288 dard reaction. The parameter lVii, is the correction for the enthalpy of oxidation of the fuse. The parameter IlH x is the correction for deviations of the conditions of the experiment from a constant pressure process at 1 atm assuming all gases are perfect and the kinetic energy of the flowing gases is negligible. The parameter W is the electrical work required to heat the fuse wire.
The corrected temperature rise, I1Tr;:. is evaluated in the conventional manner (see reference [7] , p. 2-15). The drift period equation, eq (2) below, is fitted to the observed calorimeter water temperature, T,(I), versus time, I, data of the initial and final drift periods using a computer program given in reference [8] . (2) In the application of eq (2), k, the cooling constant, and T 01>' the convergence temperature, are assumed to be constant and identical for both drift periods. The data points in figure 8 (3) In eq (3), Ii and Ir are times at the end of the initial drift period (ignition of the sample, see footnote 5) and at the beginning of the final drift period, respectively. T,(l i ) and T,(lr) are called the initial and final temperatures of the calorimeter, respectively. The observed temperature rise is T,(lr)-T,(I;), and the correction for the heat exchange with the surroundings is the last term on the right of eq (3) . The sample size was chosen so that the observed temperature rise was between 6.0 and 9.5 °C for all experiments. The heat exchange correction amounted to about 4% of the observed temperature rise. The cooling constant, k, is typically about 3 X IO-'min -, and Too is about 22°C (near room temperature).
f " tlT,=T,(lr)-T,(li)-k ' i (Too-T,(I))dl
Whether the energy equivalent, E, refers to the calorimeter when the products or reactants are present is, in principle, determined by the selection of the isothermal process temperature, Th (see ref-
erence [7] , p. 2-6 and reference [9] ). For this calorimeter, the difference in E for T h = T,(l i ) or T h = T,(tr) is negligible. In our work, it is convenient to take Th equal to the initial calorimeter tem-perature T\{t;) so that E refers to the calorimeter after the combustion reaction.
Since the value of E varies with the amount of ash remaining in the combustor (e.g., none in a calibration reaction) and water remaining in the collector, these variations are taken into account by adding the appropriate heat capacity difference, denoted by BE, to the value of E calculated from each calibration run to obtain E •. The parameter E. is the energy equivalent under an arbitrary but fixed set of so-called "standard calorimeter conditions." A different but appropriate BE is subtracted from the average E, to obtain the energy equivalent for each MSW combustion experiment.
For the calibration reaction with microcystalline cellulose, the products of the standard reaction are taken to be CO,{g) and H,O(l). For the combustible fraction of MSW, that contains primarily C, H, 0, N, S, and CI, the products of the standard reaction are taken as CO 2 {g), H 2 0(l), N,(g), SO,{g) and HCI{aq). (Gases are assumed to be perfect and solutions are assumed to be ideal.) As a consequence, A.H;, contains the corrections for the presence of CO{g) in the product gases, carbon in the ash, and a correction for the presence of any appreciable SO, ~ and NO, in the collector condensate. Separate experiments using a flame ionization detector show that the concentration of gaseous hydrocarbons in the product gas is negligible. The reactions that correspond to M", A.H", and
A.H g and the method used to calculate the correction terms in eq (I) are similar (see reference [10] ) to those given in reference [3] .
Typical Results
Calibration results are given in table 2. The second column is the standard enthalpy of combustion per unit mass of dry cellulose as determined by bomb calorimetry after correction to the value of Th appropriate to each experiment (i.e., T h = T\{t;». The third column is the dry sample mass, M. Quantities in columns five through nine were defined in the previous section. The ten are column entries in the correction, BE, added to the energy equivalent calculated according to eq (I) to obtain the energy equivalent, E" for standard calorimeter conditions. The standard calorimeter conditions are defined to be: the calorimeter water is 21°C immediately after it has been assembled and filled with water, no ash remains in the ash pan, and the mass of condensate remaining in the collector after the reaction is 1215 g. E. is given in the last column of table 2. The average energy equivalent, E" and the standard deviation of a single measurement are listed at the bottom of the table.
The % CV of the determination of E" 0.19%, is comparable in magnitude to the % CV of the 11 {al Correction for density of water at filling temperature other than 21 ·C and for the difference of the mass of water in the collector from 1215 g; add to E of eq (I) to obtain E •.
(b) E, is E at filling temperature of 21 'C and 1215 g water in collector after the reaction.
(e) Estimated assuming that the mass of water vaporized is the water formed (as calculated from the empirical formula) minus that remaining in the collector. bomb calorimetric determinations of -tJi" of cellulose, 0.15%. For the bomb calorimeter used in the latter measurements, the % CV for the determination of its energy equivalent by combustion of standard reference material (SRM) benzoic acid was 0.05%. (A state-of-the-art bomb calorimeter has a % CV of 0.01 % or less for the determination of its energy equivalent by SRM benzoic acid.)
The magnitudes of the average corrections to the calibration data are listed in the third column of table 3. The correction to the observed temperature rise to obtain AT" 4% of "T" is the largest correction. The next largest correction is the vaporization correction, Mi". which is 0.75% of M .tJi" followed by the gas heat transport correction, tJI, which is about 0.1 % of M • tJi.,. The correction for CO is negligible and no ash or residue remained from the combustion reaction.
As indicated in the third row of table 3 . an average of 91.0% of the total water formed in the reaction is retained in the collector. The measured total water fonned in the combustion reaction was lOO.67±0.42% (imprecision of the mean of experiments II through 36 of table 2) of the water produced by the combustion of cellulose as calculated from its empirical formula of C,HIOO,(s). The measured CO, was 99±3% (imprecision of the mean of experiments II through 36 of table 2) of the calculated value of CO,.
The results for the enthalpy of combustion of four sets of paired samples of processed MSW are given in table 4 . The pairs of samples designated as E and E' followed by the same number were prepared in such a way that each sample is "identical" (see reference [5] . p. [19] [20] [21] [22] ). The energy equivalent, E in column 3 is the average value of E, taken from table 3 plus a correction for the variation in ftIling temperature from 21 'c and for the difference between the amount of water retruned in the collector and ash in the combustor in these experi- 
is the observed lemperature rise, T.(rr)-T 1 (I,).
(h) I I indicates absolute value.
(e) no ash formed. ments and the calibration experiments. To illnstrate typical magnitudes of the individual corrections to E" the heat capacity correction for the water filling temperature, water in the collector, and ash in the combustor for experiment E6 are -0.5 kJ/K, -1.9 kJ/K, and +0.6 kJ/K, respectively. The definitions of the enthalpy corrections in columns 5 through 7 and in column 10 are the same as those in the corresponding columns in table 2. The correction for incomplete combustion given in column 8 is for the presence of carbon (assumed to be elemental carbon) in the ash. The correction given in column 9 is for the formation of S04~(aq) rather than SO,(g). The enthalpy of combustion per unit dry mass,
-tJi", is listed in the last column. Using pair differences, a pooled estimate [11, 12) of the standard deviation of a single measurement of -tJi" of "identical" processed MSW samples was calcuR lated. The resulting % CV, 0.4%, is the measurement error of the calorimeter with an actual sample of MSW. For comparison, the % CV for measurements of -tJi" on the corresponding pairs of "identical" gram-size samples of MSW obtained with the same bomb calorimeter used in the cellulose measurements was 0.5% [5] . Average corrections for the processed MSW measurements are listed in the fourth column of table 3. The water vaporization correction is about twice as large as that for the calibration measurement due to the longer reaction time (and consequent flow of oxygen for a longer time interval). The longer reaction time is due to the deceleration of the rate of combustion during the last stages of the reaction by the intimate contact of the noncombustible and combustible components in the highly processed MSW. This is also reflected in a much larger CO correction and an appreciable correction for carbon in the ash. The ash ranged from 18 to 35% of the initial sample mass.
As indicated in the third row of table 3, an average of 81.4% of the total water formed in the combustion reaction of the processed MSW is retained in the collector. No reliable value for the hydrogen content of these samples (as in the case of cellulose) was available to compare the total collected water with that calculated from the empirical formula for the sample. However, the consistency of the experimental measurements can be checked by comparing the measured hydrogen contents of samples from the same day. The pooled estimate of the standard deviation of the hydrogen content of the pairs of samples was 0.045% of the dry pellet weight. Since the average hydrogen content was 5.15% of the dry pellet weight, the % CV of the 291 measured hydrogen contents of all four sets of paired samples was 0.9%.
Design Basis and Performance Characteristics
As indicated in section 2, our initial assessment of the industrial problem showed that a satisfactory solution would be obtained with a kilogram capacity calorimeter that could provide an enthalpy of combustion having an overall uncertainty of less than I % for a single measurement. As flow calorimetry requires more auxiliary measurements than bomb calorimetry, the strategy adopted to achieve this goal was to design and operate the instrumentation so that contributions of individual errors would be held to 0.1 % or less. This section documents the extent to which this strategy was achieved.
Measures are described in section 5.1 which ensure that the energy equivalent of the calorimeter for standard calorimeter conditions is the same for both calibration and "unknown" experiments. Errors associated with the corrected temperature rise are described in section 5.2, and an overall uncertainty estimate is discussed in section 5.3.
Design Basis
The large sample flow calorimeter described is a stirred-water, isoperibol 6 calorimeter of the CoopsVan Nes design (see reference [13] ). Coops and Van Nes [14) devised the "flow pattern control shield" cited in [13) which we call the flow shield, for short. The design basis for closed isoperibol calorimeters (i.e .. those for which no reactants or products flow across the calorimeter boundary) has been reviewed elsewhere [13) . From a review of some previous work on calorimeter theory [15] and on the design practice and data analysis of flow calorimetry [16J, we concluded that the design basis of open calorimeters (i.e., those for which reactants or products do flow across the calorimeter boundary) are essentially the same as those for closed calorimeters. In particular, to account for the enthalpy of the gases entering or leaving the calorimeter proper, the gas flow tubes should be in good thermal contact with the calorimeter water and jacket water, and the measurement junctions of the thermocouples used to monitor the temperatures of the fluids entering and leaving the calorimeter should be located at the interspace. Since the oxygen entering our calorimeter is passed through coils immersed in the jacket water. the temperature of the entering gas is equal to the jacket water temperature. By virtue of the product gas heat exchange coil and the collector, the temperature of the exit gas is equal to that of the calorimeter water. From measurements with thermocouples, it was found to be within O. I °c of the temperature of the calorimeter water at the location of the inner quartz oscillator thermometer.
The primary calorimeter design problem is to meet the requirement that the energy equivalent for standard calorimeter conditions be the same for both the calibration and "unknown" experiments. This design problem is referred to as the problem of equivalent sources and the associated error is referred to as the nonequivalent source error. In the following four sections (5.1.1 through 5.1.4) we review the measures taken to ensure that the nonequivalent source error is less than 0.1 %.
5.1.1 Flow Shield. The flow shield, F of figure I, was introduced because it provides efficient circulation of water within the cylindrical calorimeter vessel. Its purpose [13] is to make the temperature gradients in the water of the annular space between the flow shield and the calorimeter vessel, which we shall call the liquid shell, independent of the difference in temperature gradients on the heat sources (i.e., the combustor, combustor enclosure, heat-exchange coil, and collector) between the calibration and "unknown" reactions. This requires: I) that the calorimeter water enters the liquid shell from the stirrer port in the flow shield (the temperature of the stirred water is uniform) and, that 2) the heat that is transferred from the liquid inside the flow shield to the liquid shell by heat transfer across the flow shield be negligible in comparison with that by forced convection due to stirring. For ease of assembly and substantial reduction in cost and fabrication time, we elected to depart from the second requirement, which would require the flow shield to be, in effect, a Dewar vessel. We made the flow shield from a sheet of 1.6 mm thick 316 stainless steel.
To compensate for this decision, we chose to minimize the nonequivalent source error by reducing the difference in term perature gradients inside the flow shield between the calibration and "unknown" experiments as discussed in sections 5.1.2 through 5.1.4.
5.1.2 Combustor Enclosure. The calorimeter is calibrated with a pellet of solid micro-crystalline cellulose that is burned in the same location as the "unknown" sample of MSW. As a steady-state ap-proach is sufficient to analyze the equivalent source problem (see reference [13] , p. 3-7), we note that, for the same rate of heat evolution by the calibration and "unknown" samples, the differences between the temperature gradients on the combustor enclosure in a calibration and "unknown" experiment are substantially less than on the combustor waIl. This is due to the relatively poor heat transfer by gaseous conduction and convection between the combustor and the combustor enclosure during the main period.
5.1.3 Cellulose as a Calibrant. The only difference in the temperature gradients on the product gas heat-exchange coil is that caused by the different concentrations of water in the product gas stream from the combustion of calibration and "unknown" samples. (The differences are compared at the same rate of heat evolution.) This difference is nearly completely eliminated by using cellulose as a calibrant because paper is the major component, about 80 mass percent, of the combustible components in MSW. (The ratio of the number of moles of water to the number of moles of CO, produced in a combustion of the MSW samples given in table 4 is 0.78. The corresponding value for the microcrystalline cellulose samples is 0.83.) 5.1.4 Calorimeter Water Heat Transfer. To guarantee a small equivalent source error, the flow pattern of the calorimeter water must be the same (i.e., the same heat transfer characteristics) for both the calibration and "unknown" reactions (see reference [13] p. [3] [4] . This requirement is met by: a) adjusting the stirring rate of stirrer, H of figure 1, to be the same in every experiment with a tachometer and b) by filling the calorimeter vessel with the same volume of water at nearly the same temperature in every experiment. The point of procedure b) is that the coefficient of heat transfer between the calorimeter vessel lid and the liquid shell shall be the same in every experiment and preferably large to reduce possible errors due to differences in the coefficients of heat transfer.
The coefficient of heat transfer between the calorimeter water and the vessel lid was made large through the following three measures.
I) The "topping off' procedure described in section 4.1 was used to fill the calorimeter vessel as completely as possible, while allowing for the thermal expansion of the water during the run. Measurement of the level of the water inside the assembled calorimeter vessel established that the height of liquid in the various fillings varied by less than 1.6 mm.
2) A 3 mm thick sheet of copper was bonded with epoxy cement and bolted to the underside of the 316 stainless steel calorimeter vessel lid to improve the radial heat transfer in the lid. The stirring action lifts calorimeter water up against the central portion of the underside of the vessel lid.
3) The stirring rate was made as large as was consistent with keeping the fluctuations in calorimeter water temperature less than 0.0001 'c.
5.1.5 Nonequivalent Source Error. The nonequivalent source error was estimated from an analysis of a simple model that takes into account the temperature gradients in the calorimeter water and temperature gradients on the combustor enclosure, flow shield and calorimeter vessel. The calculated result was of the order of ±0.01 % of !:J!".
To allow for the possibility that the simplicity of the model results in an underestimate of the nonequivalent source error, we increased the estimate of the uncertainty due to this source of error to ±O.OS% of !:J!".
Heat Exchange Correction
Small deviations of the measured rate of change of the calorimeter water temperature from the drift period equation, eq (2), were expected for three reasons. First, the jacket water temperature, T,(I), changed with time. This, in effect, causes Too to vary with time because the calorimeter is designed so that its effective environment temperature is equal to T 2 (1) to a good first approximation. Thus, Too is given by eq (4) (4) In eq (4), Po is the time rate of change of the calorimeter water due to stirring. The change in jacket temperature was allowed because the total increase of T,(I) from I; to If is generally less than 0.2 'C and the expected correction for this effect is of the order of 0.03% of the corrected temperature rise and should be very nearly the same for both the calibration and "unknown" experiments.
The second reason for expecting the deviations from the drift period equation is that the cooling constant, k, should vary with temperature because the maximum difference between the calorimeter and jacket water temperatures for our experiments is from 6 to 9 'c. Nonlinear heat transfer by free convection in the interspace between the calorimeter vessel and the submarine vessel cannot be assumed to be negligible (Le., not greater than 5% of conductive heat transfer) unless the width of the interspace is less than 1.1 cm (see reference [17] , p. 104). The selected interspace separations, 5 cm on the top and 2.S em on the side of the calorimeter, 293 were dictated by manufacturing and assembly considerations.
The third reason for expecting deviations from eq (2) is that the temperature of the calorimeter water was greater than the temperature of the jacket water throughout the last SO% of the experiment-shortly after ignition to the end of the final drift period. A slight water leak in the static O-ring seals of the various flow and thermocouple lead tubes or in the rotary O-ring seal of the drive shafts of the calorimeter stirrer or quick-cool pump would allow mass transfer by evaporation of the calorimeter water to occur which results in nonlinear heat transfer. The calorimeter was operated so that its initial temperature was within 0.3 'C of the jacket in order to reduce the time required to reach a steady initial drift rate and, thus, keep the time duration of an experiment within tolerable limits.
A study of the deviations from eq (2), which is often called a Newton's cooling law test, was made in the usual manner [IS] . The calorimeter was forced to pass through a sequence of drift periods having average calorimeter water temperatures spanning the range of operation. This was accomplished by assembling the calorimeter vessel in the usual manner except that a cooling coil was placed inside the bottom port of the flow shield and the calorimeter water was preheated to 10 cC warmer than the jacket water. The supply and exit lines of the cooling coil leave and enter the calorimeter through auxiliary chimneys (normally capped) in the calorimeter vessel lid. The lines end in quickdisconnect couplers located just outside the chimneys. After the first equilibration period of slightly more than two hours (only the last 30 minutes is the actual drift period), the supply and exit couplers of the cooling coil were connected to a chilled water supply, the calorimeter water was cooled about 2 'C, the supply and exit couplers were disconnected, and another equilibrium period was started. The quick-cool pump was run throughout the entire test. No oxygen was supplied to the calorimeter in the test.
Analysis of the results of the above Newton's cooling law test shows that the data can be represented by eqs (Sa) through (5d).
dT,(I)ldl=Po-k o (l+!(J3»/3
(5a)
where
!(/3)=ao/3+a,/32; 10 'C;# /3;# 1. 5 'C (Sc) [({3) =0 ; 1.5 'C > {3 >-3 'C (5d)
In eqs (5) , Po, k OJ aD and al are positive constants. The parameter T,(f) is the jacket water temperature. The eqs (5) are identical with eq (2) if Too is given by eq (4) and the cooling constant, k, is replaced with the temperature dependent expression:
Equation (5a) indicates that heat transfer between the calorimeter and the jacket is nonlinear and eqs (5c) and (5d) indicate that the larger portion of this nonlinearity is probably due to heat transfer by evaporation of the calorimeter water and condensation on the inner surface of the submarine vessel (i.e., when {3>0) rather than heat transfer by free convection. If free convection predominated, the observed value of [(f3) would tend to be symmetric around {3 = O. The estimated contribution of heat transfer by free convection to [(f3) is less than 25% of the [(f3) used to estimate the maximum correction to tJ.T, (see below). The estimated contribution of radiative heat transfer to the same [(f3) is about 2%. The nonlinear heat transfer is taken into account by a temperature dependent cooling constant as shown by eq (6). The variation of the jacket water temperature with time is taken into account by the second {3 on the right hand side of eq (5a) independent of whether [(f3) is or is not zero. The correction, 8tJ.T" to be added to the corrected temperature rise calculated according to eq (3) to yield the corrected temperature rise when eqs (4) and (6) are inserted into eq (3) was carried out by calculating Po and ko of eqs (5) from k and Too derived from a fit of the drift data using eq (2) . he parameter [({3) was approximated by setting a, =0 and increasing ao equal to 0.067 because this provides an upper bound to [(f3) for all the data obtained in the Newton's cooling law test and simplifies the calculation of the correction. Refitting the drift period data with eqs (5) is not necessary because the value of k, about 3X 10-4 min-', is sufficiently small that the fit of the integral form of eq (2) to the experimental drift data amounts to a straight line fit of the temperature as a function of time in each drift period. The expression for 8tJ.T, can be derived by a straightforward extension of the arguments used to derive eqs e7-e11 of reference [13] .
A summary of the results of the corrections to the corrected temperature rise for six experiments is given in table 5 for two calibration experiments and for four "unknown" experiments (two for each type of MSW sample, unprocessed and processed). The second through fourth columns of table 5 list the corrected temperature rise of the calorimeter, the observed temperture rise of the calorimeter, and the corresponding observed change in temperature of the jacket water between Ii and /r, respectively. The fifth and sixth columns list the contribution to 8tJ.T, due to the change in jacket water temperature, and to the variation of the cooling constant with temperature. The next to last column is the total 8tJ.T, and the last column is 8tJ.T, expressed as a percent of tJ.T,. It can be seen that the total correction to tJ.T, is +0.04% or less and the net correction for "unknown" experiments is expected on the average to be less than 0.02%. Thus, the net correction is small in comparison to 0.1 %.
Apart from the change in jacket water temperature with time and the change in cooling constant with {3, the drift period data of the experiments are remarkably normal. For example, during the drift periods, the thermocouples indicate that compo- The exponential decay of the calorimeter temperature in the approach to the final drift period is normal in the sense that the decay time constant, IS minutes, is a small multiple of the water circulation time of S.4 minutes.
Uncertainty Estimates
Estimates of the systematic errors in the experiments are given in table 6, The first column contains the symbol in eq (I) associated with the source of the error. The second column lists the type of uncertainty, The values given in the third column are the net effect of the estimated systematic error on -!JJ!" for dry MSW samples. Unless stated otherwise, the errors are the same for processed and unprocessed MSW samples,
The error estimate given in the first row is the overall error cited in section 5.1.5. The error given in the second row is the average calculated from table S for processed MSW, The corresponding value for unprocessed MSW is 0,00%.
The value of the error given in the third row is the uncertainty associated with the assumption that the residual moisture in the kilogram-size flow calorimeter samples of processed MSW and cellulose is the same as in the gram-size test samples, Moisture content determinations were only made on the gram-size test samples which were taken from each parent and stored in moisture proof containers. The moisture was determined by ASThf method E790-81, which involves weighing the test samples aud then drying the samples in loose form at lOS °c for an hour in a mechanical convection oven. Samples were weighed after they cooled in a desiccator. The moisture content of each parent sample was corrected for any weight change between the time of its riffiing and the time the parent was pelleted and combusted.
For unprocessed MSW samples, the error in the third row is the uncertainty associated with the assumption that the moisture is equivalent to that which would have been obtained had the sample been processed and its moisture content determined with a gram-size test sample, The moisture content of each increment of unprocessed MSW was determined by drying the entire increment in loose form in a large open pan for 12 hours at 295 !OS °C in a large, mechanical convection oven, The sample was weighed after it had cooled (about one hour later). Then, a known mass of water was added to the sample to return the moisture content to about 3 to 4%, the sample was pelleted, weighed, and burned, The water added after drying improves the cohesion of the pellet. The error estimate is believed to take into account moisture pick-up during the cooling of the increment (stud-ied in an auxiliary experiment) as well as other possible errors due to differences between this procedure and that employed for the gram-size test samples.
It should be noted that the "moisture" error in the third row does not involve questions about absolute moisture content. Only errors associated with differences in moisture content are pertinent to the results (see end of section 2). Further, vaporization of different amounts of moisture initially present in a sample during different combustion runs contributes no efror since the dew point of the gases leaving the calorimeter is continuously monitored.
The error values given in the fourth through sixth rows are due to the estimated uncertainty in the total oxygen flow rate which is estimated to be, at most, 5%. This estimate is believed to take into account that the total flow rate is the sum of the measured flow rates through six flow meters as well as assumptions about the nonlinearity of some of the uncalibrated flow meters.
The error values given in the seventh and eighth rows are associated with the error in the assumption that the total input oxygen and output product gas flow rates are equal. The correct product gas flow rate was calculated from the sum of the input oxygen flow rate, the flow rate of water vapor in the product gas (based on the measured water concentration), and the correction for the moles of oxygen consumed in the production of water. The latter correction was estimated from the measured CO, concentration in the product gas and the stoichiometric coefficients of the standard combustion reaction using an empirical formula for MSW. The error is very small because the combustible fraction of the MSW is such that the amount of oxygen consumed to oxidize hydrogen to water is small and most of the water produced in the reaction remains trapped in the collector.
The error value given in the ninth row is the effect of treating the carbon component of the ash as cellulose rather than elemental carbon. In the 10th row, we list the error associated with the amount of sample (about I g) that may be dispersed by the flowing gas prior to ignition and does not get burned after the reaction starts.
The error in the II th row is that associated with the assumption that t.H, of eq (I) is zero. The magnitude of the contribution to t.H, by the expansion cooling (i.e., Joule-Thompson cooling) of the inlet oxygen was estimated from the calculated mean pressure drop of the inlet oxygen (0.34 atm) to be 34 J/min X t.t where t.t is the time during which the inlet oxygen flow rate is 270 L/min. The kinetic 296 energy loss contribution to t.H, is estimated to be -31 J/minXt.t. The net effect on -t.li" is 0.000%.
The error in the 12th row is that associated with the heat of wetting of the samples. The mean difference in the moisture content of the gram-size test samples and the same parent processed MSW samples is 0.00%. The mean difference in the moisture contents of the unprocessed MSW minus that of the corresponding "identical" processed increments is -0.07%. Using the data analysis given in reference [19] and assuming the combustible components are given cellulose the -0.07% moisture difference, for example, corresponds to an estimated systematic error of -0.002% to be added to the average difference of -0.5% (see section 2).
The overall systematic error given at the bottom of the table is calculated by adding the individual errors algebraically. No error is given for degradation association with preparation (milling) of the processed MSW samples from the unprocessed MSW samples since the purpose of one of the sets of the experiments was to determine this change. The results as cited in section 2 indicate the error is of the order -0.5% of -t.li".
The standard deviation of a single calibration experiment is 0.2% of the average energy equivalent. It is worth noting that this % CV is not primarily due to the variation in the amount of water added to the calorimeter. Separate tests of the filling technique were carried out using a load cell to intercompare the mass of the calorimeter vessel filled with water with a 6000 kg tare mass. The % CVof the ratio of the mass of the tare divided by the mass of the full (water) calorimeter vessel was 0.01 %.
The standard deviation of a single measurement of t.li" for MSW samples is 0.4% of t.li". Thus, the overall uncertainty in a single measurement of t.li" is ±0.8%, which is the sum of the standard deviation of ±0.4% and the systematic error of ±0.37%.
Conclusions
I) A calorimeter capable of determining the enthalpy of combustion of kilogram-size samples of MSW has been successfully constructed and operated. The number of experiments carried out to date (April 1986 ) is approximately 60.
2) Samples have been successfully burned in flowing oxygen near atmospheric pressure. Combustion of the organic portion of the MSW to CO, and H 2 0 is complete, in terms of the enthalpy of combustion, to 99.9 + % even when the initial mass contains 35 mass % of noncombustible components in intimate contact with the combustible components. In the absence of these noncombustible components, oxidation is complete to 99.99%.
3) The above degree of completeness of oxidation is accomplished in spite of the fact that the sample is burned as a single, multi-kilogram pellet rather than in loose form. Combustion of the material in pellet form has the major advantage of simplifying the quantitative collection of ash and also restricts the reaction zone to a smaller volume.
4) The % CV for calibration experiments is 0.2% and for measurements of -t:JJ st of "unknown" MSW samples is 0.4%. 5) Because of cost and time considerations, we departed from a number of design and operation dictums for stirred-water calorimeters with a constant-temperature jacket. Because of manufacturing considerations, the calorimeter design did not exclude heat transfer by free convection with the surrounding jacket. The calorimeter was operated at a temperature above its jacket temperature to reduce the duration of an experiment. The jacket water temperature was allowed to drift about 0.2 0c. An error analysis shows that the effect of all these departures is each less the 0.1 %.
6) The overall uncertainty of a single calorimetric result is judged to have an absolute value ofless than 1 % by virtue of the calorimeter having been designed and operated so that the cumulative contribution of the individual possible sources of systematic error is of the order of ±0.4%.
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